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Several studies of synthesized herbaceous plant com-
munities have reported a positive relationship between
vascular plant diversity and biomass production
(Naeem et al. 1994; Tilman et al. 2001), and the European
BIODEPTH experiment has been one of the most
influential in this regard (Hector et al. 1999). Much,
though not all, of the evidence for this relationship has
come from experimental communities established from
seed and harvested after only a year or two. It is not
clear that such immature plant communities would be
expected to provide reliable evidence of the relationship
between diversity and ecosystem properties. Here we
compare the relationship between diversity and biomass
in BIODEPTH with that at the long-term monitoring
site at Bibury in Gloucestershire, UK (Dunnett et al.
1998), a natural plant community that has much in
common with BIODEPTH. The Bibury site offers
a rare opportunity to address questions similar to those
tackled by BIODEPTH, while avoiding some of the
limitations of short-term experiments.

If  a positive relationship between vascular plant
diversity and biomass production is an important
phenomenon, one could argue that it should be detectable
in natural vegetation. Previous attempts to explore the
relationship between biodiversity and productivity in
natural plant communities have been criticized on the
grounds that both variables are frequently affected by
additional (usually abiotic) variables (Lawton et al. 1998).
For example, over a wide range of moderate-to-high
biomass values, there is a well known negative relation-
ship between biomass and species richness, driven by
increasing competitive exclusion at higher productivity
(Grime 1973; Grace 1999; Stevens et al. 2004). In experi-
ments such as BIODEPTH, one aim is to exclude such
natural sources of variation and create synthesized
plant assemblages that vary only in artificially imposed
levels of species richness. Of course, random environ-
mental heterogeneity cannot be completely excluded,
and Huston & McBride (2002) have shown how such
heterogeneity can give rise to spurious diversity–function
relationships. However, synthesized communities may
also exhibit systematic variation in productivity equal-
ling or exceeding that occurring in natural habitats, arising

from the higher nitrogen availability in communities
sown with N-fixing legumes. In BIODEPTH, addition
of Trifolium pratense (nomenclature follows Stace 1997)
increased biomass, on average, by 360 g m−2 (Hector et al.
1999). As this increase was much larger than the effect
of any other species, it is reasonable to attribute this
effect to a direct result of the extra N fixed by Trifolium.
The increase was also much larger than the effect of a
change in diversity itself; doubling species richness
increased biomass, on average, by only 80 g m−2.

The Bibury road verge lies on the north side of Akeman
Street, originally a Roman road, in Gloucestershire,
UK (National Grid reference SP 119048). The 700 m
length of experimental verge was originally chosen
because of its considerable width (3·3–5·5 m), uniform
vegetation, and the light traffic borne by the accom-
panying road. The mature vegetation at Bibury has experi-
enced the same management and maintained a very
similar species composition over 46 years of monitoring;
the biomass and species richness of vascular plants are
therefore likely to be at or near equilibrium. Underlying
geology is Oolitic limestone, soil pH varies from 7·5 to
7·9, and mean annual rainfall is ≈760 mm. Management
consists of a single cut at a height of ≈0·7 m annually in
November The vegetation is typical Arrhenatheretum
(NVC MG1: Rodwell 1992). Over 100 species have been
recorded from the site, but only 42 flowering plants
were found in this quadrat study. Between 40 and 50%
of  the above-ground biomass consists of  two large
perennial grasses, Arrhenatherum elatius and Dactylis
glomerata, while Heracleum sphondylium, Anthriscus
sylvestris and Convolvulus arvensis are the commonest
forbs. Since 1958, 20 m lengths of verge have been sub-
jected to experimental spraying with maleic hydrazide
or maleic hydrazide +2,4-D, while other 20 m lengths
acted as unsprayed controls (Yemm & Willis 1962). All
spraying ceased in 1990, and it is now impossible to
distinguish treated and control plots in terms of bio-
mass, species richness or composition. In each of 12
sections (six treated and six controls) we harvested all
above-ground vegetation and litter from four 0·25 m2

quadrats in July 2003. All harvested vegetation was
sorted to species, oven-dried and weighed. Examination
of the data revealed that although 11 of the 12 sections
were very uniform in species composition, one control
section was both more species-rich and dominated
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by Festuca arundinacea and Festuca rubra rather than
Arrhenatherum and Dactylis. The analyses presented
here are based on all quadrats, but we also analysed (a)
all sections except the unusual control section; (b) con-
trols only; and (c) previously sprayed sections only. In
each case the results were qualitatively identical.

Although the vegetation at Bibury is notably uniform,
local variation in productivity (probably owing to dif-
ferences in soil depth) is of the same order as the effect
of adding legumes to BIODEPTH (mean difference in
biomass between the least and most diverse quadrats
at Bibury = 246 g m−2). The Bibury vegetation is also
very similar in other respects to that at the six northern
BIODEPTH sites (Hector et al. 1999). Mean biomass
at Bibury (553 g m−2) is close to the mean of the six
BIODEPTH sites (656 g m−2), and of the 42 species
recorded in the Bibury quadrats, 23 (including seven of
the 10 most frequent) were also sown in one or more
BIODEPTH communities. The range of species rich-
ness at Bibury, which was free to vary naturally, was
much less than in BIODEPTH (6–16 vs. 1–32 spp.).

From the Bibury quadrat data we examined the rela-
tionship between quadrat biomass and three measures
of diversity: species richness, functional group richness
(FGR) and functional diversity (FD). We also examined
the relationship between biomass and mean plant trait
values for each quadrat.

For each quadrat, FD was calculated according to a
published protocol (Petchey & Gaston 2002; Petchey
et al. 2004). We used nine candidate traits: specific leaf
area; individual leaf area; leaf thickness; leaf dry matter
content; seed weight (continuous variables); canopy
structure; canopy height; lateral spread (ordered cate-
gorical variables, see Grime et al. 1988 for details); and
legume or not (binary variable). Data were derived
largely from an unpublished database (Knevel et al.
2003). We calculated FD for each of the 29 possible
combinations for all quadrats, then tested the predic-
tive power of each candidate measure by linear regres-
sion against biomass. This allowed the data themselves
to arrive at an objective decision about the functional
importance of each trait or combination of traits.
Before analysis, all candidate traits were standardized
to have a mean of 0 and variance of 1. In addition, those
continuous traits that did not meet the assumptions of
the  were previously log or square-root transformed
as necessary, although the results were qualitatively
identical if  this transformation was omitted. The FD
values from all 29 possible combinations of traits were
regressed against biomass, and the highest value of r2

is plotted in Fig. 1(c). The significance of the relationship
in Fig. 1(c) was determined by a bootstrap procedure
in which trait values were randomized among species
and within traits, then the maximum explanatory power

Fig. 1. Relationship between above-ground biomass in 48 0·25 m2 quadrats from the Bibury road verge and (a) species richness;
(b) functional group richness (FGR); (c) functional diversity (FD); (d) mean loge individual leaf area (mm2) of the component
species. FGR used three functional groups (legumes, other forbs and grasses), but there are only two levels of FGR as all
quadrats contained grasses and forbs. FD with highest r2 was derived from four traits: legume, leaf area, leaf dry matter content
and canopy structure.
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of FD was calculated for the randomized trait matrix.
Repeating this 1000 times produced a bootstrapped
distribution of maximum explanatory powers for each
measure of FD, against which the observed maximum
explanatory power could be compared for statistical
significance. We also tested species richness and FGR
as predictors of biomass. We used legumes, grasses and
forbs as groups (Tilman et al. 1997; Hooper 1998), but
as all plots contained forbs and grasses, there were only
two levels of FGR (+ and – legumes).

We also calculated the mean value of the same nine
traits for each quadrat. These values could have been
weighted by species abundance, but in order to be strictly
comparable with species richness and FD (which can-
not easily be weighted), we did not do so. All mean
candidate traits, after log or square-root transforma-
tion as necessary, were submitted to a stepwise multiple
regression with biomass as dependent variable, P = 0·05
for entry and P = 0·1 for removal. This procedure
produced a regression with a single significant variable
(individual leaf area; Fig. 1d). No other variable entered
the regression until P for entry was raised to 0·3.

In the BIODEPTH communities, biomass was posi-
tively correlated with both species richness and FD
(Hector et al. 1999; Petchey et al. 2004), while at Bibury,
biomass is negatively correlated with species richness
(Fig. 1a), with FGR (Fig. 1b), and with FD, although
not significantly (Fig. 1c). Given that the two commu-
nities were similar in composition and exhibited simi-
lar internal gradients of productivity, imposed by N
availability in BIODEPTH and probably by soil depth
at Bibury, why was species richness positively related to
biomass in the BIODEPTH experiment, while several
measures of diversity are negatively related to biomass
at Bibury? To explain this striking discrepancy, it is nec-
essary to examine the causes of variation in productiv-
ity and species richness at Bibury. The Bibury road verge
is typical of relatively undisturbed, moderate-to-high
productivity vegetation throughout Britain and north-
west Europe. It lies entirely on the right-hand slope of
the widely reported ‘hump-back’ relationship between
species richness and biomass (see Grace 1999; Grime
2001 for recent reviews), where there is typically a neg-
ative relationship between these two variables. Such
vegetation is dominated by a few large, competitive
perennials and biennials, and in the quadrats with
highest biomass these competitive dominants are able
to exclude most other species (Stevens et al. 2004). Where
biomass is a little lower, for example over shallower soils,
other less-competitive ‘subordinate’ species (Grime 1998)
can persist. These subordinates contribute both to
increased species richness and (because they differ in
many key respects from the dominants) to increased
functional diversity, but have little impact on total
biomass (Smith & Knapp 2003). The FD and species
richness are closely positively correlated at Bibury (r2

= 0·63, n = 48).
Although biomass was unrelated to diversity of plant

traits at Bibury, it was not unrelated to the traits them-

selves. Multiple regression of mean traits revealed that
a single trait, mean area of an individual leaf, was the
best predictor of biomass (Fig. 1d). Mean individual
leaf area is correlated with canopy height (r2 = 0·44,
n = 43), i.e. large plants tend to have large leaves, and if
leaf area was omitted from the regression, canopy height
entered first instead with r2 = 0·16. Thus traits related to
competitive dominance, e.g. leaf area and canopy height
(Gaudet & Keddy 1988; Hodgson et al. 1999), appear to
be the best predictors of community biomass at Bibury.

Why is there high diversity in some BIODEPTH plots
under conditions that are associated at Bibury with
competitive exclusion? Perhaps the most likely explana-
tion is the extreme immaturity of  the BIODEPTH
communities, which were established from seed in the
spring of 1996 and harvested in summer 1997. Less
than two growing seasons is unlikely to be sufficient
for the normal processes of competitive exclusion to
take place, particularly when the potential dominants
themselves had to start from seed. We therefore suggest
that immature synthesized communities, in which both
species richness and the relative contributions of dif-
ferent species are still rapidly changing, are of limited
use in exploring the relationship between biodiversity,
plant traits and ecosystem functioning. We further
suggest that there is probably no causal relationship
between species richness and biomass in the BIODEPTH
communities, and that the apparent relationship can
be explained adequately by the mechanisms described
by Huston & McBride (2002) – the greater probability
of diverse plots containing both highly competitive
species and N-fixers when N is limiting. Interestingly,
this effect also appears to be largely responsible for the
apparent positive relationship between diversity and
biomass in grasslands at Cedar Creek, MN, USA
(Lambers et al. 2004).
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